Abstract
Introduction

46
The impact of anthropogenic pressures on aquatic ecosystems is ubiquitous and usuallyleads to alterations of the environment (Scheffer et al. 2001 ). To mitigate negative human 48 effects, the first step in the improvement of the ecological quality of degraded water bodies is 49 the development of an assessment system to evaluate the current situation. The main 50
European initiative for water quality assessment and improvements, the Water Framework 51
Directive 2000/60/EC (WFD), requires all member states to reach "good" ecological status of 52 lakes, rivers and ground waters based on biological elements including phytoplankton, 53 macrophytes and phytobenthos, benthic invertebrates and fish (CEC 2000) . 54
Fish are widely considered as relevant for detecting and quantifying impacts of 55 anthropogenic pressures on lakes and reservoirs (Argillier et al. 2013 ). Although most UK 56 WFD ecological tools have been developed and deployed, an effective fish-based assessment 57 tool for lakes remains problematic (Winfield 2002 ; Kelly et al. 2012 ). The current fish-based 58 indices (e.g. Argillier et al. 2013) or tools (e.g. "FIL2" in Kelly et al. 2012 ) rely on semi-59 quantitative capture-based methods such as electro-fishing or gill-netting to provide 60 information on fish composition and abundance, as well as age-structure of fish populations. 61
Furthermore, the choice of survey methods is heavily dependent on the depth of the lake and 62 to a lesser extent its size. However, both of these sampling methods are relatively laborious 63 and thus expensive, sometimes destructive, taxonomically biased, cannot be deployed in all 64 situations (e.g. in or near dense vegetation, or entire water column in a very deep lake) and 65 have poor sampling accuracy and precision. These drawbacks restrict their ability to meet 66 WFD requirements (Kubecka et Cytochrome b (Cytb) and 12S rRNA (12S). We previously tested both fragments in vitro on 137 22 UK freshwater fish species and in situ on three deep lakes in the English Lake District, 138 and demonstrated their suitability for eDNA metabarcoding of UK lake fish communities 139 (Hänfling et al. 2016) . 140
To enable the detection of possible PCR contamination, we included no-template controls 141 (NTCs) of molecular grade water (Fisher Scientific) and single-template controls (STCs) of 142 cichlid fish DNA (the Eastern happy, Astatotilapia calliptera, a cichlid from Lake Malawi, 143
which is not present in natural waters in the UK) within each library (N = 307). Three PCR 144 technical replicates were performed for each sample then pooled to minimise bias in 145 individual PCRs. All PCRs were set up using eight-strip PCR tubes in a PCR workstation 146 with UV hood and HEPA filter in the eDNA laboratory of University of Hull (UoH) to 147 minimise the risk of contamination. 148
The Cytb locus, targeting a 414-bp vertebrate-specific fragment, was amplified using a 149 one-step library preparation protocol (Kozich et al. 2013 ). The Cytb one-step library 150 preparation protocol for this study was described in Appendix S5.2 and our previous study 151 (Hänfling et al. 2016 ). The final 10 pM denatured Cytb library mixed with 30% PhiX 152 genomic control was sequenced with the MiSeq reagent kit v3 (2×300 cycles) at the UoH. 153
The 12S locus targets a 106-bp vertebrate-specific fragment (Riaz et al. 2011) . Following the 154 consistently lower sequencing yield of the one-step protocol for the 12S compared to Cytb in 155 previous studies, we decided to switch to a two-step library preparation protocol using nested 156 tagging (Kitson et al. 2018 metabarcoding pipeline (metaBEAT v0.97.9) with custom-made reference databases (Cytb 189 and 12S) as described in our previous study (Hänfling et al. 2016) . Sequences for which the 190 best BLAST hit had a bit score below 80 or had less than 95%/100% identity (Cytb/12S) 191 identity to any sequence in the curated databases were considered non-target sequences. estimates of abundance than read counts. However, sequence reads should not be completely 213 ignored because they still contain important abundance information. The maximum site 214 occupancy across both loci was used as a score for species abundance (Table 2 ). In addition 215 to site occupancy score, the maximum relative read count (i.e. proportion of read counts per 216 species at each sampling lake) across both loci, and the number of loci with which the species 217 was detected were used as confidence indicators to assign fish species into the same general 218 categories which were used for non-eDNA survey data ( Mere). Each retained species was assigned a corrected abundance score by multiplying site 223 occupancy score × confidence score. The corrected abundance score was used to assign each 224 species to a relative abundance DAFOR scale (Table 4) . (Appendix S1 Fig. S1.1d) . 266
Comparison of eDNA data and expected results
267
In total, 24 species with 111 species occurrences by lake were detected across Cytb and 268 12S. Perch Perca fluviatilis was the most common species which were detected in all lakes. 269
The second most frequently occurring species was roach Rutilus rutilus with detections in 10 270
lakes. In addition to these two species, pike Esox lucius were found in all nine coarse fish 271 lakes (Table 5 There were consistent positive correlations between DAFOR scale based on eDNA data 282 and expected DAFOR scale based on both historical data for Welsh lakes and fish density per 283 unit area from the ECON survey of Cheshire meres (Fig. 3) . The correlations were significant 284 in three out of eight Welsh lakes (Fig. 3) . Significant correlations were observed in three and 285 four Cheshire meres based on individual density (ind. ha -1 ) and biomass density (kg ha -1 ), 286 respectively ( Fig. 3 ; Appendix S1 Fig. S1.3) . 287
288
Characterisation of fish assemblages using eDNA data 289 The hierarchical clustering dendrograms based on site occupancy for two loci indicated 290 that there were four distinct community types compared to three pre-defined lake types 291 according to environmental characteristics. Specifically, the clustering dendrograms accorded 292 with the pre-defined lake Type 1 (Llyn Cwellyn, Llyn Ogwen and Llyn Padarn) and Type 2 293 (Llyn Traffwll and Llyn Penrhyn), but indicated that Watch Lane Flash and Betley Mere can 294 be divided from the pre-defined lake Type 3 (Fig. 4a1, b1) . The NMDS ordination allied with 295 ANOSIM based on read counts for two loci confirmed the clustering dendrograms results that 296 there were four distinct community types according to the predominant groups of fish (Fig.  297 4a2, b2). These four identified community types were: Community 1: salmonids and minnow 298 Phoxinus phoxinus; Community 2: mixed diadromous fish; Community 3: coarse fish and 299
Community 4: bream-dominated coarse fish (Fig. 4) . The R statistic in the ANOSIM global 300 test with these four different communities were high (Appendix S1 Table S1 .5, 0.75 ± 0.02) 301 supporting statistical differences between communities (Appendix S1 Table S1 .5, p = 0.001). 302
The overall distance pattern of these four fish communities was that both coarse fish 303 communities (Community 3 and Community 4) were close to each other, the mixed 304 diadromous fish community (Community 2) was between the coarse fish communities and 305 the salmonids and minnow community (Community 1) ( Fig. 4 ; Appendix S1 Table S1 .
5). 306
The salmonids and minnow community (Community 1) is characteristic of three low 307 alkalinity upland lakes (Llyn Cwellyn, Llyn Ogwen and Llyn Padarn). These sites were 308 generally dominated by brown trout Salmo trutta, rainbow trout Oncorhynchus mykiss or 309
Arctic charr Salvelinus alpinus, but also included minnow and Atlantic salmon Salmo salar 310 ( Fig. 2 ; Appendix S1 Fig. S1 .
2). Llyn Cwellyn and Llyn Padarn are designated as SSSIs 311
under the Wildlife and Countryside Act 1981 (as amended) to conserve Arctic charr, and the 312 oligotrophic lake habitat of Llyn Cwellyn is also protected as a Special Areas of Conservation 313 under the EU Habitats Directive. The eDNA data showed that Llyn Padarn contained a small 314 number of Arctic charr, whereas this species was dominant in Llyn Cwellyn ( Fig. 2;  315 Appendix S1 Fig. S1 .2). Rainbow trout were only detected in Llyn Ogwen, where they are 316 regularly stocked by the local angling club (Appendix S2.3). Some of these sites may also 317 contain low density of other species; usually diadromous species were detected using eDNA 318 as well such as European eel Anguilla anguilla in all three upland lakes and three-spined 319 stickleback Gasterosteus aculeatus in Llyn Padarn. Perch have recently been recorded from 320
Llyn Padarn for the first time using captured-based survey methods (Appendix S2.2). 321 Surprisingly, this species was detected using eDNA (though shown to be rare), in all of these 322 three lakes ( Fig. 2 ; Table 5 ). The diadromous fish community (Community 2) is 323 characteristic of Llyn Traffwll and Llyn Penrhyn which were dominated by European eel and 324 three-spined stickleback. Other species included brown trout, nine-spined stickleback 325
Pungitius pungitius, roach, perch and rudd Scardinius erythrophthalmus (Fig. 2) . The coarse 326 fish communities consisted of bream Abramis brama, common carp Cyprinus carpio, pike, 327 perch, roach, rudd and tench, plus some additional species (e.g. European eel, bullhead 328
Cottus gobio, three-spined stickleback and gudgeon Gobio gobio). Pike, perch, roach and 329 tench were dominant in Kenfig Pool, Maer Pool, Chapel Mere, Llan Bwch-llyn, Llangorse 330 Lake, Oss Mere and Fenemere (Community 3); however, the dominant species in Watch 331 Lane Flash and Betley Mere (Community 4) was bream ( Fig. 2 ; Appendix S1 Fig. S1.2) . 332 
Cyprinus carpio
Pungitius pungitius 9SS Po/Pr Po/Po Po/Po
Rhodeus amarus BIT Po/Po
Rutilus rutilus
Notes: Categories of presence confidence are described in Table 1 Cheshire meres. Sampling lake codes are given in Fig. 1 ; Corrected abundance scores to 344 DAFOR scale and species three letter codes are given in Table 4 and Table 5, Table 5 and Fig. 1, respectively.  356 
357
Discussion
358
In this study, we have extended the geographical, ecological and taxonomic extent of the 359 lake fish eDNA-based metabarcoding dataset, including 14 UK lakes with well described fish 360 faunas. This study confirmed key results from our previous study in that there was (a) a 361 consistent, strong correlation between Cytb and 12S in terms of read counts and site 362 occupancy; (b) a consistent, strong correlation between site occupancy and average read 363 counts and (c) site occupancy was consistently better than average read counts for estimating 364 relative abundance, for both Cytb and 12S datasets (Hänfling et al. 2016 ). Moreover, eDNA 365 metabarcoding outperformed established survey techniques in terms of species detection, 366 relative abundance using the standard five-level classification scale and characterisation 367 ecological fish communities, suggesting eDNA metabarcoding has great potential as fish-368 based assessment tool for WFD lake status assessment. 369
370
Comparison of eDNA and existing data for species detection 371 A total of 73 species occurrences were recorded across the 14 lakes according to existing 372 and historical fish data. Of these, 72 (98.6%) were detected with eDNA, which demonstrated 373 that eDNA metabarcoding gave comparable species richness estimates to collations of data 374 using a range of sampling methods over date ranges spanning several decades. This result is 375 consistent with previous studies that have demonstrated that eDNA metabarcoding produced 376 a more comprehensive species list than alternative survey techniques with a similar effort in 377 both marine and freshwater ecosystems (Hänfling et al. 2016; Port et al. 2016; Valentini et al. 378 2016) . 379
Moreover, there was a significant positive correlation between historical data and eDNA 380 data in terms of confidence of species presence. Species occurrences that were assessed as 381 "probably or possibly present" (25/111) and "probably absent" (13/111) based on distribution 382 data or anecdotal evidence also fitted the eDNA criteria for lowered confidence levels. In 383 most cases, the "probably absent" eDNA occurrences were at very low site occupancy (≤ 0.1) 384 and read counts (~0.5%), just above our threshold for accepting a positive record. These 385 records could be genuine detections of species that have previously been missed. This species is often under-represented or overlooked in surveys using established fish 424 capture methods (Hänfling et al. 2016 ). Moreover, tench were not detected by eDNA in Llyn 425
Penrhyn. Llan Bwch-llyn is a species-poor lake with only four species detected, which could 426 reduce the statistical power. The non-significant correlation in Watch Lane Flash could be 427 attributed to under-representation of three-spined stickleback in previous fish surveys and 428 reduced detection probability of gudgeon with Cytb. Although these results are generally 429 encouraging, further work is critical to obtain enough statistical power to directly test the 430 relationship between abundance estimates from eDNA and surveys using other methods. It is 431 also important to investigate taxon-specific detection probabilities and abundance estimates 432 so that a pressure-sensitive tool can be developed. 433
434
Using eDNA to describe ecological communities 435 According to environmental characteristics, there were three pre-defined lake types. 436 Encouragingly, four distinct community types could be identified based on clustering 437 dendrograms and NMDS ordinations using eDNA data. Basically, the Community 1 and 438
Community 2 were agreed with the pre-defined lake Type 1 and Type 2, respectively. The 439 pre-defined coarse fish lakes (Type 3) can be further divided into Community 3 and 440
Community 4 based on whether bream was dominant species in the lake. These findings 441 indicated that eDNA metabarcoding has great potential as fish-based assessment tool for 442 WFD lake status assessment. 
